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THE NA ϩ -K ϩ -ATPASE (the Na ϩ pump) is a ubiquitously expressed P-type ATPase that actively transports 3Na ϩ ions out of cells in exchange for 2K ϩ ions per one molecule of ATP hydrolyzed (17) . The pump consists of a catalytic ␣-subunit, ␤-subunit that modulates activity and stabilizes the protein, and an auxiliary FXYD polypeptide. Four ␣-isoforms (␣1-␣4), three ␤-isoforms (␤1-␤3), and seven FXYD isoforms exist in mammalian organisms, resulting in considerable tissue-specific variability in pump structure and kinetics (21) .
As can be expected from plasma membrane protein with such a vital function, the Na ϩ -K ϩ -ATPase is regulated by a number of independent mechanisms (25) . One such mode of regulation involves inhibition by a family of inhibitors termed cardiac glycosides (CGs). Most CGs are derived from plants.
However, several so-called endogenous CGs, including ouabain, marinobufagenin, and digoxin, have been identified in mammalian tissues and are apparently synthesized by the adrenal gland (1) . CGs such as digoxin are also clinically relevant specific inhibitors of the Na ϩ -K ϩ -ATPase, used classically to treat heart failure (9) .
Relatively limited information exists regarding the specificity of different CGs for the 4 ␣-isoforms and 3 ␤-isoforms (␣1, ␣2, ␣3, and ␣4 and ␤1, ␤2, and ␤3) or the 12 possible combinations of ␣␤-complexes. The problem is that most mammalian cells express more than a single ␣-isoform, and discrimination between pumps of different subunit compositions is not achieved easily. Mammalian kidney express only ␣1, allowing sensitivity to ␣1 to be assessed (20) . Also ␣1-subunits of rodents are uniquely insensitive to ouabain, whereas ␣2 and ␣3 are sensitive. This allows one to differentiate between activity of rodent ␣1 and ␣2/␣3 (but not between ␣2 and ␣3) in, for example, brain microsomal membranes, using micromolar and millimolar concentrations of ouabain (36) . However, to assess isoform selectivity of CGs systematically, it is necessary to use the individual recombinant proteins. This issue has been studied before using Xenopus oocytes expressing the different human isoform complexes (6) and more recently in this laboratory using plasma membrane and purified human isoform proteins obtained from the yeast Pichia pastoris (P. pastoris) (14, 15) . In Xenopus oocytes, activity of expressed pumps is assessed after subtraction of the much lower activity of endogenous pumps. Yeast do not express endogenous Na ϩ -K ϩ -ATPase at all. Although both systems are suitable for expressing and characterizing individual isoforms of choice, they are both quite different from the mammalian cells expressing Na ϩ -K ϩ -ATPase. Regulatory elements involving lipid structures or microdomains and intracellular anchoring proteins may be lacking and might affect CG binding. To overcome this potential caveat, we have developed cell clones of human non-small cell lung carcinoma (H1299), which express either human ␣1, ␣2, or ␣3 in combination with ␤1. This was done by transfecting cells with the appropriate ␣2-and ␣3-plasmids and silencing endogenous ␣1 with appropriate siRNA. CG specificity was measured in intact cells as displacement of 3 H ouabain by the CG of choice. Previous experiments with recombinant human ␣1␤1-, ␣2␤1-, and ␣3␤1-isoforms expressed individually in the yeast P. pastoris showed that ouabain, the CG used most commonly in research, shows moderate selectivity for ␣1 and ␣3 over ␣2 (6) , whereas the clinically used digoxin is partially ␣2 selective (15) . Most recently, synthetic derivatives of digoxin have been found to show enhanced selectivity for ␣2 over ␣1 and ␣3 both in the yeast expression system and in vivo, in an animal model (16) .
A number of studies have suggested CGs as potential anticancer drugs, which can limit tumor growth (26, 29) . It was also reported that, in colon cancer cells, ␣3 is expressed in preference to ␣1 (33) . By contrast, in a recent study (5) , it was observed that malignant or oncogene-transfected cells are less sensitive than nontumor breast cells to ouabain-mediated inhibition of proliferation and apoptosis. To further explore this issue, we have measured cell proliferation and effects of CGs in cells expressing ␣1-or ␣2-isoforms and in several malignant and nontumor lines expressing only ␣1 and have related sensitivity to CGs to the abundance of plasma membrane Na ϩ -K ϩ -ATPase in these cells. The conclusion is that proliferation and survival in the presence of ouabain are determined only by the cell surface abundance of Na ϩ -K ϩ -ATPase.
MATERIALS AND METHODS
Cells expressing a single ␣-Na ϩ -K ϩ -ATPase isoform. Human non-small cell lung carcinoma cell line (H1299) was used to generate cells that express individual ␣-isoforms. For construction of the vectors, the gfp coding sequence was inserted in the pIRES-puro vector using EcoRI and NotI digestion enzymes. The coding sequences of ␣1-, ␣2-, and ␣3-isoforms of the ␣-subunit of Na ϩ -K ϩ -ATPase were ligated into pIRES-puro in frame with green fluorescent protein (GFP) between the first and the second amino acid of their NH 2 terminus. Cells were stably transfected with the GFP-tagged ␣1/␣2/␣3-vectors using JetPEI transfection reagent (PolyPlus Transfection, Illkirch, France). Positive GFP-fluorescent clones were selected by flow cytometry, and individual clones were expanded. GFP-tagged ␣2-and ␣3-clones with the highest level of expression underwent endogenous ␣1-silencing by transfection with specific shRNA constructs (Qiagen, Valencia, CA) and selection with hygromycin (200 g/ml). Successful expression of tagged isoform and silencing of endogenous ␣1 were assayed by Western blotting using anti-GFP and anti-␣1 NH 2-terminal antibody (6H). Plasma membrane location of the transfected ␣ was determined by fluorescence microscopy and surface biotinylation. For generation of cell lines with different levels of ␣1-expression, ␣1-GFP-expressing cells underwent ␣1-silencing with specific shRNA constructs. Several stable clones were selected, and the level of ␣1-expression was measured as the level of maximal ouabain-binding capacity of the cells as described below.
Surface biotinylation and Western blotting. Biotinylation of cell surface proteins was done as reported previously (4) . In brief, cell monolayers at ϳ90% confluency were incubated for 15 min at 4°C on a rocking platform with 1 mg/ml EZ-Link N-hydroxy-sulfo-succinimido-biotin (sulfo-NHS-SS-biotin; Pierce, Rockford, IL). Cells were washed twice in PBS plus Ca 2ϩ and Mg 2ϩ (PBSCM), and free unreacted sulfo-NHS-SS-biotin was quenched by 20-min incubation with 0.1% BSA in PBSCM (wt/vol). In experiments testing Na ϩ -K ϩ -ATPase internalization, the biotinylated cells were incubated in cell culture medium tested or not for CGs for 6 h. At the end of this period, cells were washed four times in a reducing solution (100 nM Tris, pH 8.6, 100 mM NaCl, 2.5 mM EDTA, 50 mM sodium-2-mercaptoethanesulfonate) and further incubated for 10 min at 4°C to allow complete cleavage of surface-exposed S-S bonds. Effective removal of surface-exposed biotin was verified by reducing one plate immediately after the biotinylation. After two rinses in PBS, cells were lysed in a buffer composed of the following: 50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 5 mM EDTA, and protease inhibitors [20 g/ml leupeptin, 0.01 trypsin inhibitor units (TIU)/ml aprotinin, and 2 mM PMSF]. Cell lysates were centrifuged for 10 min (14,000 g, 4°C), and the supernatants were incubated with streptavidin-agarose beads (Immunopure immobilized streptavidin; Pierce) diluted in 50 mM Tris·HCl, pH 7.4, 100 mM NaCl, and 5 mM EDTA plus protease inhibitors. Following an overnight incubation at 4°C, the beads were washed twice with rinsing solution (20 mM Tris·HCl, pH 7.4, and 500 mM NaCl) and once with 10 mM Tris·HCl, pH 7.4. Washed bead pellets were resuspended in Laemmli buffer plus 50 mM dithiothreitol, and biotinylated internalized proteins were eluted by incubation in 55°C for 30 min.
For Western blotting, biotinylated proteins and whole-cell lysate samples were dissolved in 4ϫ Laemmli sample buffer and resolved on 7.5% or 10.0% Tris-Tricine SDS-PAGE. The resolved proteins were transferred to PVDF membrane cut into several regions and incubated with different primary antibodies by standard methods. Expression Fig. 1 . Western blot analysis of ␣-isoform expression profile in selected clones. H1299 cell clones expressing green fluorescence protein (GFP)-tagged ␣-isoforms were either transfected with ␣1-shRNA to silence the endogenous ␣ or not. Cells were surface biotinylated, and surface-expressed proteins were isolated using streptavidin beads and subjected to Western blotting using anti-␣1 (6H) and anti-GFP antibodies. Anti-tubulin was used as loading control. Different background intensities are a result of different exposure times of the presented blots. Left panel depicts nontransfected H1299 cells. Fig. 2 . Confocal images of H1299 cells expressing GFP-tagged ␣1-, ␣2-, and ␣3-isoforms of Na ϩ -K ϩ -ATPase. Live ␣1-GFP (left)-, ␣2-GFP (middle)-, and ␣3-GFP (right)-expressing cells were visualized for GFP expression (excitation 488 nM, emission 509 nM) using a scanning confocal microscope (Olympus FV1000) with a ϫ60 oil-immersion objective.
was detected by enhanced chemiluminescence and quantified using ImageQuant LAS 4000 mini (GE Healthcare, Piscataway, NJ).
3 H-ouabain-binding experiments. Binding constants of different CGs were determined by measuring the displacement of 5 nM 3 Houabain by increasing concentrations of a competing CG as described previously (30) . Briefly, medium was removed from confluent monolayers of the tested cells seeded in six-well plates, and the plates were washed twice with RM buffer (20 mM Hepes-NaOH, 130 mM NaCl, 0.5 mM MgCl 2, 0.2 mM Na2HPO4, 0.4 mM NaH2PO4 and 0.2 mg/ml phenol red, pH 7.4) preheated to 37°C. For the displacement reaction, cells were incubated for 1 h at 37°C with 1 ml of RM buffer containing 1.5 mM sodium vanadate, 5 nM of 3 H-ouabain, and increasing concentrations of the tested CG. In several experiments, 5 mM of KCl was added to the RM buffer. Following the incubation period, 3 H-ouabain solution was removed, and the cells were washed three times with RM buffer (10 min, 4°C each). Cells were lysed with 500 l of RIPA buffer [20 mM Tris, pH 7.4, 137 mM NaCl, 10% (vol/vol) glycerol, 0.1% (wt/vol) SDS, 0.5% (wt/vol) deoxycholate, 1% (vol/vol) Triton X-100, and 2 mM EDTA] for 20 min. A sample of the lysate was used for protein quantification, and the radioactivity of the remaining lysate was quantified. Measured radioactivity was normalized to the protein concentration of the sample. For quantification of surface expression of different ␣-isoforms, the specific binding capacity of 3 H-ouabain was measured. The protocol was similar to that described above with the following changes: cells were incubated for the indicated time with 30 nM 3 H-ouabain plus either 270 nM (test_oub) or 500 M (bg_oub) of nonradioactive ouabain. Specific ouabain binding capacity (bmax) (pmol/mg) was calculated by the following equation:
Cell proliferation assay. Effects of ouabain on cell proliferation were determined using 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2h-tetrazolium-5-carboxanilide (XTT)-based cell proliferation assay kit (Biological Industries, Beit Haemek, Israel) according to the manufacturer's instructions. Briefly, 5,000 mid-log-phase cells were seeded in a 96-well tissue culture plate. The next day cells were incubated with indicated concentrations of CGs for specified time periods followed by addition of the XTT solution (3 h, 37°C). Absorbance was measured at 450 nm and 630 nm (nonspecific), and relative proliferation was calculated as the ratio of specific absorbance in CG-treated and -untreated cells at the same time point. IC50 values were calculated by fitting the data into a four-parameter nonlinearregression curve fit. Acridine orange/ethidium bromide staining. For establishment of the cell death mechanism, following ouabain treatment, cells were stained with 8 g/ml acridine orange/ethidium bromide (AO/EB) dye mix by a procedure described previously (32) . Briefly, 5,000 cells were seeded in a noncoated eight-well microslide (ibidi, Martinsried, Germany). After 24 h, 30 nM of ouabain was added, and, after an additional 48 h, slides were centrifuged (200 revolution/min, 3 min) and stained by addition of AO/EB dye mix. Cells were visualized using Olympus FV10i-LIV microscope with a ϫ60 water-immersion lens. For each cell line and each treatment, at least 300 cells were counted, and staining was scored as live (AO stained), early apoptotic (AO stained, nucleus condensed or fragmented), late apoptotic (AO and EB stained, nucleus condensed or fragmented), or necrotic (AO and EB stained, nucleus similar to live cells).
Preparation of crude membrane fraction. Crude membrane fractions were prepared as described previously (12) . Briefly, confluent 10-cm plates were washed twice with PBS, collected, and sedimented by centrifugation (1,000 revolution/min, 3 min, 4°C), suspended in 500 l in hypotonic lysis buffer [10 mM Tris·HCl, pH 7.4, 10 mM NaCl, 1.5 mM MgCl2, 1 mM dithiothreitol, and protease inhibitors (20 g/ml leupeptin, 0.01 TIU/ml aprotinin, and 2 mM PMSF)], and incubated for 15 min on ice. The swollen cells were disrupted by 15-20 passages through a 27-gauge syringe and clarified by centrifugation at 400 g (10 min, 4°C). Cell homogenate was spun at 22,000 g for 30 min; pelleted crude membranes were resuspended in 100 l lysis buffer.
Antibodies and materials. A mouse monoclonal antibody to the NH 2-terminal sequence of the ␣1-subunit of Na ϩ -K ϩ -ATPase (6H) was kindly provided by Dr. M. J. Caplan, Yale University School of Medicine. A rabbit polyclonal antibody to the ␣2-subunit of Na-KATPase was from Millipore (Darmstadt, Germany). Mouse monoclonal antibodies to the ␣3-subunit of Na ϩ -K ϩ -ATPase (XVIF9-G10) and anti-GFP (B-2) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); monoclonal anti-␤-tubulin was from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase-coupled secondary antibodies were from Bio-Rad (Hercules, CA) 3 H-ouabain was from Perkin-Elmer (Waltham, MA). Ouabain, digoxin, leupeptin, aprotinin, and PMSF were from Sigma-Aldrich. Digoxin-glycine-amide (DGlyN) and digoxin-methyl-amine (DMe) were synthesized as described previously (16) .
Cell culture. H1299, MDA-MB-231, A549, LNCaP, SKMEL-5, and OVCAR-3 cells were cultured in RPMI 1640 medium (Biological Industries, Beit Haemek, Israel) supplemented with 10% FCS, 1 mM Na Ϫ pyruvate, penicillin, and streptomycin. LLC-PK1, MCF7, HeLa, HEK, PANC1, and HFF cells were cultured in DMEM medium (Biological Industries) supplemented with 10% FCS, penicillin, and streptomycin.
RESULTS

Generation of isoform-specific cell clones.
To study interaction of different CGs with the Na ϩ -K ϩ -ATPase in intact cells, we have generated H1299 cell clones that express different individual ␣-isoforms using stable transfection followed by silencing of the endogenous ␣1. 5 . Internalization of Na ϩ -K ϩ -ATPase ␣1-and ␣2-isoforms. Confluent monolayers of H1299 cells expressing GFP-tagged ␣2-and native ␣1-isoforms were surface biotinylated. Different plates received either the indicated concentrations of cardiac glycosides (CGs) or diluent and were incubated for an additional 6 h. At the end of this period, surface-expressed biotin was cleaved by reduction with mercaptoethanesulfonate-Na. Cells were lysed, and biotinylated proteins were purified and resolved on SDS-PAGE gel as described in MATERIALS AND METHODS. Upper blots were probed simultaneously with antibodies to ␣1-Na ϩ -K ϩ -ATPase (6H) and GFP. Anti-tubulin was used as a loading control. Intracellular biotinylated ␣ was quantified and expressed as a fold increase relative to the diluenttreated sample. Means Ϯ SE of 3 independent experiments are depicted. In all cases, the difference between the fold internalization of the ␣1-and ␣2-isoforms was statistically significant (*P Ͻ 0.05).
tagged ␣2 and ␣3 with and without silencing endogenous ␣1. The transfected cells were biotinylated, and surface-expressed proteins were pulled down and analyzed by Western blots. Interestingly, as long as ␣1 was present, ␣2 and ␣3 were expressed at a relatively low level. However, the subsequent silencing of ␣1 resulted in a large increase in the abundance of ␣2 and ␣3, by a factor of 9.5-and 16.3-fold, respectively (lanes 4 and 6 in Fig. 1 ). This may suggest regulation of translation/ degradation or trafficking to match the amount of pumps in the plasma membrane required to maintain Na ϩ and K ϩ gradients. Because ␣1 silencing elevated the total levels of ␣2 and ␣3 and not only its membrane expression (data not shown), the first option is more likely. Surface expression and correct cellular localization of the transfected GFP-tagged proteins could also be demonstrated by confocal imaging (Fig. 2 ).
To accurately quantify the level of expression of the isoforms, we measured ouabain-binding capacity (b max ) of the different cell clones. These values correspond to the number of ouabain-binding sites on the cell surface and provide an estimate of a number of surface-expressed pumps. As summarized in Fig. 3 , the values of maximal ouabain-binding capacities in the ␣2-and ␣3-expressing cells are 0.68 Ϯ 0.05 and 0.36 Ϯ 0.02 (pmol ouabain/mg protein), which are 54.5% and 31.5% of the level in the ␣1-expressing cells (1.15 Ϯ 0.04 pmol ouabain/mg protein), respectively. To eliminate, in subsequent experiments, effects attributable to different expression levels of Na ϩ -K ϩ -ATPase isoforms, we also generated additional clones of ␣1-expressing cells in which the ␣1-isoform was partly silenced. These clones denoted si-␣1-50 and si-␣1-30 and expresses ϳ52.1% and 30.2% of the amount of ␣1 similar to that of the ␣2-and ␣3-expressing cells, with maximal ouabain-binding capacity values of 0.60 Ϯ 0.01 and 0.35 Ϯ 0.02 (pmol ouabain/mg protein), respectively. This permits comparison of cell behavior with comparable surface abundance of different ␣-isoforms. All cell lines were shown to have similar proliferation rates with a doubling time of ϳ30 h in the absence of ouabain.
Characterization of CG specificity in intact cells. We have used the H1299 cell clones expressing ␣1, ␣2, and ␣3 to test whether the selectivity order for native CGs and chemically modified digoxin derivatives observed for human isoform proteins expressed in the yeast P. pastoris (15, 16) holds also in the intact mammalian cells. Figure 4 presents comparison of displacement of 3 H-ouabain for ouabain and digoxin. (15) . Thus ouabain shows a moderate selectivity for ␣1 over ␣2 (K D ␣1/␣2 ϭ 0.49) with no selectivity for ␣3 over ␣1 (K D ␣1/␣3 ϭ 0.99). Furthermore, digoxin shows a moderate selectivity for ␣2 and ␣3 over ␣1, again quite similar to the finding in the yeast membranes (15) . Thus the dissociation constant, K D , of CGs is an intrinsic property of the Na ϩ -K ϩ -ATPase, irrespective of the origin or lipid content of the membrane or potential regulatory factors present only in mammalian cells. Interestingly, in the presence of 5 mM extracellular K ϩ , the selectivity ratios for both ouabain and digoxin were substantially higher for ␣1/␣2 and also, but less so, for ␣1/␣3. K ϩ and CG binding are known to be antagonistic toward each other at the extracellular binding surface (6) . The K 0.5 K for displacing 3 H-ouabain is significantly higher for ␣2 compared with ␣1, whereas that for ␣3 is closer to ␣1 (bottom line of Table 1 ). Thus the origin of this effect on the selectivity ratio is that at the physiological concentration of 5 mM K ϩ ; the antagonism between the CG and K ϩ is lower for ␣2 than ␣1 or ␣3. Another important result in Table 1 is that the selectivity ratio ␣1/␣2 for DGlyN and DMe with enhanced selectivity for ␣2 (16) is higher than for digoxin itself, at least in the absence of K ϩ ions (16) . Overall, it appears that the trends for CG selectivity features observed with the H1299 cells are similar to those observed with the yeast membranes expressing ␣1␤1, ␣2␤1, and ␣3␤1 or the purified isoform proteins.
CG induced internalization of ␣1 vs. ␣2. It is known that CGs, not only inhibit the Na ϩ -K ϩ -ATPase activity, but also induce internalization of its subunits (3, 4, 22) . It was of interest to compare internalization of ␣1 and ␣2. Both isoforms are expressed in cardiac myocytes, the cells that are the targets of the therapeutic action of CG in congestive heart failure (7). Na ϩ -K ϩ -ATPase internalization is one of the responses to CG, and the internalization level of the two isoforms could have different functional implications. To quantify internalization of ␣1 and ␣2 under conditions that are expressed in the same cell (similar to the situation in myocytes), we have used ␣1-expressing H1299 cells, which coexpressed ␣2-GFP, and studied their response to sublethal concentrations of ouabain and digoxin (30 and 100 nM). As can be seen from Fig. 5 , ␣1, with a K D for ouabain somewhat lower than that of ␣2, indeed undergoes a higher level of internalization than ␣2 in response to ouabain, particularly at the lower concentration. By contrast, ␣2, which is somewhat more sensitive to digoxin (Table 1) , is better internalized than ␣1 in response to sublethal concentrations of digoxin. These data rule out a major difference in the response of the two isoforms to CGs as well as major differences in the ability of CGs to induce internalization. Because the degree of internalization of ␣1 and ␣2 reflects their relative affinities for ouabain and digoxin, respectively, we conclude that the internalization reflects the degree of occupation of the different isoforms by the different CGs.
Effect of CGs on cell proliferation. One might predict that killing of cells expressing ␣1 or ␣2 would show the same isoform selectivity pattern for the different CGs as found in the ouabain-displacement assays. However, in initial experiments that compared proliferation of ␣1-GFP cells, in which the endogenous pumps were not silenced, with the ␣2-GFP cells, the ␣1-GFP cells were similarly sensitive to ouabain compared with ␣2-GFP cells (Fig. 6A) . Nevertheless, there is a difference between the two cell types in that the ␣1-GFP cells express a higher surface density of pumps compared with ␣2-GFP, as judged by ouabain-binding capacity (Fig. 3) . This raised the question whether cells that express higher levels of Na ϩ -K ϩ -ATPase also exhibit higher resistance to CGs and survive better in the presence of the Na ϩ -K ϩ -ATPase inhibitors. One approach used to address this question was to compare the proliferation of a number of H1299 cell clones in which ␣1 was partially silenced compared with the parental cells. Figure 6B compares proliferation of these cell clones, measured as the ratio between XTT readings of 30 nM ouabain and diluenttreated cells, following a 72-h incubation, and the number of surface-expressed pump units, measured as b max for ouabain binding. A clear linear relationship was obtained between the surface density of active pumps and cell proliferation. This suggests that nearly all the surface-expressed pumps are essential for proliferation, and any reduction in their number also reduces cell proliferation. Extrapolating the line to zero proliferation with 30 nM ouabain suggests that more than 20% of the original number of pumps is required to support cell proliferation.
Evaluation of the mode of cell death by AO/EB staining procedure (Fig. 7A) showed that the main mode of cell death following ouabain treatment is apoptosis and that the ratio of apoptotic cells is a function of surface-expressed Na ϩ -K ϩ -ATPase molecules (Fig. 7B) . This was also verified by measuring the activation of the proapoptotic enzyme caspase 3 (data not shown).
With these insights, we have compared the proliferation of ␣2-GFP cells and the partly silenced ␣1-cells (si-␣1-50 cells) that demonstrate an essentially equal surface abundance as judged by ouabain-binding capacity, whereas the si-␣1-50 cells express only about 50% of active Na ϩ -K ϩ -ATPase protein units compared with the nonsilenced ␣1-GFP cells (Fig.  3) . As depicted in Fig. 8 , in response to incubation with different CGs, ␣2-GFP cells are less sensitive to ouabain than the si-␣1-50 cells, but ␣2-GFP cells are more sensitive to digoxin and DMe. The approximate values of the IC 50 are as follows: 43 nM and 119 nM for ouabain, 153 nM and 86 nM for digoxin, and 62 nM and 22 nM for DMe for si-␣1-50 cells and ␣2-GFP cells, respectively. In other words, for ␣2-GFP cells and the si-␣1-50 cells expressing comparable numbers of active pumps, the experiments indeed validate the differential selectivity of ␣2-and ␣1-isoforms for the different CGs as predicted.
As a more systematic test of the notion that cell surface density of active pumps is a crucial factor in killing by CGs, we have compared proliferation of different cell lines that express different amounts of Na ϩ -K ϩ -ATPase. In light of the reports suggesting different sensitivities of tumor and nontumor cells to CGs (5, 8, 27, 35, 37) , it was of special interest to compare tumor-derived cell lines with nontransformed cells as well as the isoform expression pattern because some cancer cells express ␣3 rather than ␣1 (33, 38). Table 2 lists the 12 cell lines tested and their origin (transformed vs. nontransformed). In Western blots, all cell lines were found to express ␣1 but insignificant amounts ␣2 or ␣3 (Fig. 9 ). There was a very good linear relationship of cell proliferation in the presence of ouabain with the number of surface ouabain-binding sites (Fig.  10) . Thus the clear conclusion is that cell proliferation upon treatment with CGs depends crucially on the abundance of active surface-expressed pumps but not on the state of the cells, transformed or nontransformed.
DISCUSSION
This work addressed two main issues: 1) determining CG specificities of different human ␣-isoforms in intact cells under physiological conditions and their comparison to the previously determined values in isolated yeast membranes and the purified isoform proteins, and 2) determination of the relationship between isoform expression, surface density of the pumps, and cell proliferation.
The first aim was achieved by expressing ␣2 and ␣3 in H1299 cells and silencing endogenous ␣1. CG selectivity in cell clones expressing single ␣-subunit together with ␤1 was then determined as displacement of specifically bound 3 Houabain by the CG of choice. The data obtained suggested that the K D values for known CGs as well as ␣1/␣2 and ␣1/␣3 selectivity are similar to those reported recently for P. pastoris membranes expressing individual ␣-subunits and the purified isoform proteins (15) .
The main difficulty in determining the differential responses of Na ϩ -K ϩ -ATPase isoforms to CGs in native human cells and tissues is the fact that all human cells express the ␣1-isoform, whereas the ␣2-and ␣3-isoform expression pattern is cell and tissue specific, and, of course, human tissues for research are not readily available. Previously, individual human isoforms of Na ϩ -K ϩ -ATPase have been expressed in systems that either do not express Na ϩ -K ϩ -ATPase or express very little Na ϩ -K ϩ -ATPase. These include P. pastoris (15) , Saccharomyces cerevisiae (13), baculovirus-infected insect cells (2) , and Xenopus oocytes (10) . As discussed previously (8) , the high levels of expression in P. pastoris membranes and purification of the isoform proteins are crucial for reliable determination of isoform selectivity of CGs. However, to the best of our knowledge, expression of individual human isoforms of Na ϩ -K ϩ -ATPase alone in human cells, and their use for determination of isoform selectivity of CGs, has not yet been achieved. By using our expression system, we have now been able to isolate the effects of different CGs (both natural and synthetic) on the individual isoform proteins in a cellular environment. Moreover, we have now been able to observe the fate of the individual isoforms as they are internalized following inhibition by specific CGs as well as proliferation of cells expressing only ␣1-or ␣2-isoforms upon exposure to different CGs.
The present results with human cells expressing human isoforms confirm that ouabain is moderately ␣1 selective (36), digoxin is moderately ␣2 selective (15) , and the synthetic derivatives DGlyN and DMe shows enhanced ␣2 selectivity (16) . The presence of K ϩ ions in the reaction medium poises the affinities further toward the ␣2-isoform, attributable to a reduced K-CG antagonism for ␣2, a factor potentially of physiological significance. The degree of ␣2 selectivity of both digoxin and its synthetic derivatives appears somewhat lower than observed for yeast membranes and purified isoform proteins (15, 16) . This may be due to the fact that the conditions for ouabain binding in whole cells are not identical to those for Na ϩ -K ϩ -ATPase activity of purified isoforms. The findings on isoform selectivity of the inhibitors with H1299 cell validate, at least qualitatively, the findings using yeast cells and purified isoform proteins (15, 16) . This suggests that the apparent affinities at steady state of CG binding are an inherent property of the pump isoforms that is not affected by membrane lipid composition or other intracellular regulatory factors. Internalization analysis and cell proliferation measurements also support the notion that ␣1 is somewhat ouabain selective, whereas ␣2 is somewhat digoxin selective, with enhanced selectivity for DMe.
Partial silencing of ␣1-subunit of Na ϩ -K ϩ -ATPase enabled us to demonstrate a strong linear correlation between the specific ouabain-binding capacity of the cells and their general sensitivity to ouabain, as measured by cellular proliferation assay. Upon inhibition of Na ϩ -K ϩ -ATPase with CGs, one of the immediate consequences is inhibition of its ion-pumping activity and as a result dissipation of ion gradients, most likely a scenario of triggering of apoptotic cell death (18, 31, 34) . This conclusion also fits well with a recent finding that the K 0.5 for inhibition of growth of various cell lines by different CGs is linearly related to the K i for inhibition of Na ϩ -K ϩ -ATPase activity of the purified human ␣1␤1-isoform (28) . In parallel, internalization of the pump, which is the cellular method of removing inhibited pumps from the plasma membrane, takes place.
Previously, work by Xie and colleagues (19) , showed establishment of a viable derivative of the LLCPK1 cell line with knockdown of ␣1-isoform activity to ϳ20% of the activity in the parental cell line. The knockdown of ␣1 in the work by Xie et al. was correlated with an increase in basal Src activity and activation of consequent signal transduction pathways. Although our present work does not address this issue directly, our previously published study (4) showed no relationship between Src/phosphoinositide-3-kinase signaling pathways to ouabain-induced inhibition and subsequent internalization of Na ϩ -K ϩ -ATPase in our cellular system, as opposed to results described previously by Xie et al. (11, (22) (23) (24) .
Several studies reported that different cell lines vary in their response to CGs. For example, in a recent publication (5), it was suggested that ouabain causes greater inhibition of proliferation and more extensive apoptosis in nontumor breast cells compared with malignant or oncogene-transfected cells, concluding that CGs are not good candidates as cancer therapies. On the contrary, earlier studies found that Na ϩ -K ϩ -ATPase expression is downregulated in canine prostate cancer (27) and that expression of Na ϩ -K ϩ -ATPase ␣-and ␤-subunits were found to be decreased in human bladder cancer (8) as well. Reviewing multiple studies, Newmann et al. (29) tried to establish the potential of using CGs as anticancer drugs and the mechanism by which their antiproliferative effect is different between normal and tumor cell lines. The suggestion is that there is a difference of isoform expression profile between normal and tumor cell lines isolated from human colon, with a shift of expression toward the ␣3-isoform in the tumor cells. Mijatovic et al. (26) , on the other hand, suggested that it is the ␣1-subunit of Na ϩ -K ϩ -ATPase that could represent a novel anticancer target, by presenting evidence that human lung cancer cell lines overexpressing the ␣1-subunit were sensitive to several CGs.
To test the hypothesis that the variation in response to ouabain is a result only of different pump density in different cells, or ␣3 expression, we studied isoform expression and tried to establish whether the linear correlation between proliferation and ouabain-binding capacity still exists when the study is expanded to include a variety of other cell lines. The data presented in Fig. 10 , which also includes data from the four cell lines used in Fig. 6 to give a total of 16 cell lines, confirm that this hypothesis is indeed correct. The 16 cell lines tested express only ␣1 and show a strong linear correlation between plasma membrane Na ϩ -K ϩ -ATPase surface density, as judged by ouabain-binding capacity, and cell proliferation at 30 nM of ouabain, regardless of their isoform content, tissue origin, or the status of the cells as malignant or nonmalignant. Thus the present data indicate that inhibition of cell proliferation by CGs is inversely related to the plasma membrane pump density and, as such, is not necessarily a promising approach in treating cancer. This conclusion is in accord with that in the recent publication (5) . As an example, the MCF7 and MDAMB231 breast cancer cells, with the lowest sensitivity to ouabain, are also the cells that display highest levels of surface ouabain-binding capacity (Fig. 10) . The same cells were shown (5) to be particularly insensitive to ouabain, digoxin, and bufalin. Thus the present study also provides a plausible explanation for the lower sensitivity of the cancer vs. noncancer cells to CGs (5) .
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